plasma from ESRD patients resulted in a marked drop in TER pointing to increased epithelial permeability. This was accompanied by significant reductions in claudin-1 (85%), occludin (15%), and ZO1 (70%) abundance. The severity of TJ damage and dysfunction was significantly less in cells exposed to the postdialysis in comparison to predialysis plasma. These findings point to the presence of as-yet unidentified product(s) in the uremic plasma capable of depleting epithelial TJ. Conclusions: Exposure to uremic milieu damages the intestinal epithelial TJ and impairs its barrier function, events which are mediated by agents which are partially removed by hemodialysis.
Introduction
Inflammation is a common feature and a major mediator of progression of chronic kidney disease (CKD) and its cardiovascular and numerous other complications [1, 2] . As an extension of the external environment within the body, the gastrointestinal tract serves as a barrier against entry of the microbes, harmful microbial byproducts, and other noxious compounds into the internal environment. The intestinal barrier apparatus consists of the epithelial cells and the apical junctional complex. The
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Tight junction ؒ Inflammation ؒ Hemodialysis ؒ End-stage renal disease ؒ Chronic kidney disease Abstract Background: Chronic kidney disease (CKD) causes intestinal barrier dysfunction which by allowing influx of endotoxin and other noxious products contributes to the CKD-associated systemic inflammation and uremic toxicity. We have recently shown that intestinal barrier dysfunction in CKD animals is due to degradation of transcellular (claudin-1 and occludin) and intracellular (ZO1) constituents of epithelial tight junction (TJ). This study determined whether CKD-associated disruption of TJ is mediated by retained uremic toxins/metabolites and, if so, whether they are removed by hemodialysis. Methods: The TJ-forming human enterocytes (T84 cells) were seeded on the Transwell plates and utilized when transepithelial electrical resistance (TER) exceeded 1,000 m ⍀ /cm 2 to ensure full polarization and TJ formation. The cells were then incubated for 24 h in media containing 10% pre-or posthemodialysis plasma from end-stage renal disease (ESRD) patients or healthy individuals. TER was then measured and cells were processed for Western blot and immunohistological analyses. Results: Compared with the control plasma, incubation in media containing predialysis latter prevents paracellular passage of the luminal contents by sealing the gap between the adjacent epithelial cells [3] . The apical junctional complex consists of the tight junction (TJ) which is the most luminal component of the complex and the subjacent adherens junction. The TJ consists of the three components: (1) adhesive transmembrane proteins including occludin and claudin family of proteins which link the plasma membranes of the adjacent cells to form the barrier to diffusion of fluids and solutes; (2) the cytosolic proteins, i.e. the zonula occludens (ZO) protein family which serve as the anchor by simultaneously binding the intracellular domains of occludin and claudin and the perijunctional actin-myosin ring, and (3) the perijunctional ring of actin and myosin which by modulating the structure and function of the TJ, regulate paracellular permeability [4] . The intestinal epithelial TJ forms an effective barrier against influx of microbes, microbial toxins, antigens, digestive enzymes, degraded food products, and other noxious substances from the gastrointestinal lumen to the internal milieu.
There is mounting evidence pointing to intestinal barrier dysfunction and its role in the pathogenesis of uremic toxicity and inflammation in humans and experimental animals. These include the presence of endotoxemia in uremic patients [5] [6] [7] [8] , increased intestinal permeability to large molecular weight polyethylene glycols in the uremic humans and animals [9, 10] , penetration of bacteria across the intestinal wall and their detection in the mesenteric lymph nodes in uremic rats [11] , and histological evidence of chronic inflammation throughout the gastrointestinal tract in the hemodialysis population [12] . In a recent study designed to explore the mechanism of uremia-induced intestinal barrier dysfunction, we found extensive depletion of transcellular and intracellular protein constituents of colonic epithelial TJ in rats with CKD induced by either 5/6 nephrectomy or chronic tubulointerstitial nephritis [13] . These findings helped to advance our understanding of the mechanism of the previously demonstrated increased intestinal permeability in uremia. However, the mechanism by which uremia results in degradation of the intestinal epithelial TJ proteins is unknown.
The present study was designed to determine whether depletion of TJ proteins is mediated by retained uremic toxins/metabolites and, if so, whether they can be removed by dialysis. To this end, we examined the effects of plasma taken from healthy controls and end-stage renal disease (ESRD) patients immediately before and after hemodialysis on the structure and function of the TJ in a polarized T84 human colonic epithelial cell line. When seeded on Transwell plates, T84 cells form a polarized impermeable monolayer that possesses many of the functional characteristics of the intestinal epithelium in vivo, including vectorial solute transport and barrier function [14, 15] .
Methods

Uremic and Control Plasma Preparations
Five stable patients with ESRD maintained on hemodialysis for more than 3 months were recruited to provide blood samples before and immediately after hemodialysis treatment. A group of 5 healthy control individuals served as controls. Blood samples were collected in the heparinized tubes and plasma was immediately separated and stored at -70 ° C until used. Plasma concentration of creatinine was measure by an autoanalyzer at the UC Irvine Medical Center's clinical laboratory. As expected, predialysis plasma creatinine levels were significantly elevated in the ESRD patients compared with the control group (8. Cell Culture and Incubation Studies T84 cells were obtained from American Type Culture Collection (Manassas, Va., USA) and were grown in DMEM/F12 medium (Invitrogen Inc., Carlsbad, Calif., USA) containing sodium bicarbonate 1.2 g/l, L -glutamine 2.5 m M , HEPES 15 m M , and sodium pyruvate 0.5 m M (Invitrogen) supplemented with 10% fetal calf serum. To form a polarized monolayer, cells were seeded in 12-well or 6-well plates with Transwell inserts (Fisher Scientific, Pittsburgh, Pa., USA) at 60,000 cells/cm 2 . The cells were then used for measurement of TER and Western blot analyses. Cells cultured in Lab-Tek II Chamber Slides (Fisher Scientific) were used for immunofluorescence microscopy. The T84 monolayers were maintained for 21 days in complete medium. The medium was changed every other day and transepithelial electrical resistance (TER) was measured regularly using a Millicell ERS-2 Meter (EMD Millipore Inc., Billerica, Mass., USA). When a TER exceeding 1,000 m ⍀ /cm 2 was reached, the monolayers were incubated for 24 h in DMEM/F12 medium containing 10% plasma from either the healthy control individuals or ESRD patients before or after a 3-hour hemodialysis treatment. At the conclusion of the 24-hour incubation period, the TER was measured and cells were processed for immunostaining and confocal microscopy, as well as Western blot analysis.
Western Blot Analyses
The cells were lysed with M-PER Mammalian Protein Extraction Reagent (Fisher Scientific). Protein concentration in the cell lysate was determined by BSA assay kit (Pierce, Rockford, Ill., USA) and 20 g of total protein from each sample were fractionated on 4-12% Bis-Tris gradient gel (Invitrogen) at 120 V for 2 h and transferred to a nitrocellulose membrane. The membrane was then incubated with rabbit anticlaudin-1 or rabbit antioccludin or mouse anti-ZO1 (Invitrogen, Carlsbad, Calif., USA) antibodies at 1: 250 dilutions, and antiactin antibody (Sigma-Aldrich, St. Louis, Mo., USA) at 1: 10,000 dilution overnight. The appro-priate horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich, St. Louis, Mo., USA) were used at a 1: 5,000 dilution. The membrane was visualized with SuperSignal West Pico (Pierce) and developed by autoluminography.
Immunofluorescence Microscopy T84 cells were grown to confluence in chamber slides. The cells were washed with PBS and fixed with 3% paraformaldehyde. They were then incubated in solutions containing the primary antibodies against claudin-1 or ZO1 (Invitrogen) at 1: 50 dilutions overnight at 4 ° C. The cells were subsequently incubated in a solution containing the fluorescein isothiocyanate (AF555-R or AF488-FITC)-conjugated goat anti-rabbit IgG antibody (Invitrogen) for 90 min at 1: 250 dilutions. After being mounted with FITC-compatible media, the cells were examined with a LSM 700 Confocal Microscope (Zeiss Inc., Oberkochen, Germany).
Data Analysis
Analysis of variance and Student's t test were used for statistical evaluation of the data, which are presented as means 8 SD. p ! 0.05 was considered significant.
Results
TER Data
By design, the TER in T84 cells seeded on Transwell plates was monitored weekly and the incubation experiments were conducted when electrical resistance exceeding 1,000 m ⍀ was reached to ensure full polarization and TJ formation. Incubation of epithelial monolayers in the media containing predialysis plasma from the ESRD group for 24 h resulted in a dramatic fall in transepithelial resistance when compared to those incubated in media containing plasma from the healthy control subjects. The magnitude of fall in TER in the epithelial monolayer exposed to media containing the ESRD patients' postdialysis plasma was significantly less than that observed with the predialysis plasma. However, dialysis did not fully reverse the effect of the uremic milieu on the TER ( fig. 1 ) .
TJ Protein Data
Incubation of the epithelial monolayers in media containing predialysis plasma from the ESRD group resulted in a marked reduction in ZO1 protein abundance and a near complete depletion of claudin-1 when compared to monolayers exposed to the media containing plasma obtained from the healthy control group. The effect of uremic plasma on occludin abundance was less severe than that seen with ZO1 and claudin-1 expression ( fig. 2 ) .
Comparison of data obtained in epithelial monolayers exposed to media containing postdialysis with those incubated in media containing predialysis plasma samples from the ESRD group showed a significantly less severe depletion in ZO1, claudin-1, and occludin protein abundance ( fig. 3 ) . The immunohistological studies confirmed the data obtained by Western blot analysis described above. Representative immunohistological images obtained using fluorescein-tagged ZO1 and occludin antibodies in the monolayers incubated in media containing plasma from healthy controls and predialysis and postdialysis plasma from ESRD patients are shown in figure 4 .
Discussion
The present study showed that exposure to plasma of an ESRD patient resulted in a significant reduction of ZO1, a near complete depletion of claudin-1, and a modest reduction of occludin in human colonic epithelial cells. The observed depletion of the key protein constituents of the epithelial TJ was accompanied by a marked fall in TER which denotes epithelial barrier dysfunction and increased permeability. These findings point to the presence of as-yet unidentified product(s) in the uremic milieu which are capable of damaging the structure and function of the gut's epithelial TJ. In an attempt to discern whether these unidentified product(s) are dialyzable, we compared the effects of plasma samples obtained immediately after hemodialysis treatment with those collected shortly before dialysis. The experiment revealed a significantly less severe decline in TER and a lower depletion of TJ proteins in cells exposed to the ESRD patients' plasma obtained after dialysis than in cells exposed to plasma obtained before dialysis. While reducing the severity of the damaging effect of uremic milieu on the epithelial barrier function and TJ apparatus, hemodialysis did not fully reverse it. These effects appear to be mediated 'in part' by as-yet unidentified but partially dialyzable products. Further studies are planned to identify the nature and the mechanism of action of the retained uremic products that promote intestinal barrier dysfunction and TJ destruction.
The results of the present in vitro experiments demonstrating the ability of plasma from an ESRD patient plasma to disrupt the barrier structure and function in cultured human enterocytes recapitulate the findings of our Representative Western blots and group data depicting protein abundance of ZO1, occludin, and claudin-1 in intestinal epithelial T84 cell monolayers exposed to media containing plasma obtained from healthy control (CTL) individuals and those containing prehemodialysis plasma samples from ESRD patients. earlier studies which demonstrated degradation of the colonic epithelial TJ in two different animal models of CKD [13] . Together, these findings suggest that intestinal epithelial barrier structure and function must be similarly affected by the uremic milieu in patients with advanced CKD. This phenomenon can account for the presence of endotoxemia and increased intestinal permeability to high-molecular-weight polyethylene glycol in the patients with advanced CKD [5] [6] [7] [8] 10] . Paracellular influx of endotoxin and other noxious luminal products into the internal milieu through the damaged TJ apparatus can clearly contribute to the systemic inflammation and its adverse consequences in patients with CKD. In fact, Feroze et al. [5] recently demonstrated a direct association between severity of systemic inflammation and plasma endotoxin levels in the ESRD population. Identification of the retained uremic toxins/metabolites or other agents involved in this process and strategies to mitigate their impact could be critical in the management of the CKD-associated inflammation and its adverse consequences. In addition to damaging the intestinal epithelial TJ and barrier function, uremia has recently been shown to result in profound alteration of the gut's microbial flora [16] , which can further contribute to the systemic inflammation and uremic toxicity by generating harmful products [17, 18] .
In conclusion, exposure to uremic milieu damages the intestinal epithelial TJ and impairs its barrier function. These effects are mediated by retained uremic toxin(s)/ metabolite(s) or other agents which are partially removed by hemodialysis. Representative photomicrographs depicting claudin-1 and ZO1 immunostaining of intestinal epithelial T84 cell monolayers exposed to media containing plasma samples obtained from a healthy control individual and an ESRD patient immediately before and after hemodialysis and visualized by confocal microscopy.
